Vascular dysfunction and impaired endothelial mediated relaxation are powerful underlying abnormalities in the pathogenesis of hypertension, coronary heart disease, and stroke. Obesity, type 2 diabetes mellitus, and other metabolic abnormalities are associated with activation of mineralocorticoid receptor (MRs) in the vasculature and adipose tissue. While MR signaling is involved in the normal physiological differentiation and maturation of adipocyte, enhanced activation of MRs also contributes to increase oxidative stress, release of pro-inflammatory adipokines, and dysregulation of adipocyte autophagy. This, in turn, increases the maladaptive expansion of subcutaneous, visceral and perivascular adipose tissue, resulting in systemic and cardiovascular (CV) insulin resistance and increased CV stiffness and impaired vascular and cardiac relaxation. This review summarizes the normal role of MR activation in adipose tissues and explores the mechanisms by which excessive MR activation mediates adipose tissue inflammation and vascular dysfunction. Potential preventative and therapeutic strategies directed in the prevention of MR activation and CV disease are also discussed.
Introduction
Increased activation of the systemic and tissue renin-angiotensinaldosterone system (RAAS) exists in states of obesity and insulin resistance, and this activation plays an important role in the development of hypertension, coronary heart disease, heart failure, and overall cardiovascular disease (CVD). Data from epidemiological studies and randomized controlled clinical trials support the notion that elevated aldosterone levels and associated mineralocorticoid receptor (MR) activation increase CVD risk, and that MR antagonists (MRAs) reduce CVD events. 1 For example, the RALES, EPHESUS, and EMPHASIS clinical trials have demonstrated that MRA administration decreases morbidity and mortality in patients with heart failure. 2 Further, the Joint National
Committee-8 and the European Society of Hypertension recommend that MRAs may be considered as the 'fourth-line' drug therapy in the treatment of the resistant hypertension following standard multi-drug regimen including diuretic, angiotensin-converting enzyme (ACE) inhibitor, or angiotensin receptor blocker and calcium (Ca 2þ ) channel blocker. 3 Classically, MRAs may exert their antihypertensive effects through diuresis and reduction of sympathetic activity, vascular tone, and vascular stiffness. In this regard, aldosterone is traditionally regarded as the primary ligand for MRs and has been considered a 'renal' hormone that modulates plasma volume, electrolyte homeostasis, and blood pressure. 4, 5 However, aldosterone also has extra-renal actions since MRs also exists in other tissues including heart, vessels, brain, immune cells, and adipose tissue. 4, 5 Studies conducted by our group 6 and others 2 have demonstrated that cell-specific MR activation in adipocytes, endothelial cells (ECs), vascular smooth muscle cells (VSMCs), cardiomyocytes, and macrophages may impair insulin metabolic signaling and prompt oxidative stress and inflammation, resulting in adipose and cardiovascular (CV) tissue stiffness in conjunction with insulin resistance and associated CVD. However, the precise mechanisms by which enhanced activation of MRs promotes dysfunctional cross-talk between adipocytes, ECs, VSMCs, cardiomyocytes, and macrophages in obese persons with insulin resistance and T2DM remains to be elucidated. In this review, we focus on recent studies exploring the complex interplay of cell specific MR activation in obesity and vascular dysfunction and the contemporary understanding of potential therapeutic strategies that address this dysfunctional MR activation.
Aldosterone and MR in adipose tissue
Adipose tissue not only serves as a site for fat storage of triglycerides but is also a metabolically active endocrine organ that synthesizes and secretes hormones, such as aldosterone, which has extra-renal actions mediated by MR activation. Vascular tissues, including both endothelial and smooth muscle cells, express the enzyme 11-beta hydroxysteroid dehydrogenase 2 (11bHSD2) that allows aldosterone to selectively activate MR by inactivating cortisol. 6 This contrasts with cardiomyocytes, immune cells and adipose tissue where the main ligand for MRs is cortisol. 6 
MR signaling in adipose tissue
Although aldosterone is primarily synthesized in adrenocortical cells of the zona glomerulosa of the adrenal cortex, it is also produced by adipocytes, including perivascular adipose tissue (PVAT), where it exerts autocrine and paracrine effects resulting in vascular remodeling and dysfunction. Furthermore, human adipocytes secrete mineralocorticoidreleasing factors which increase aldosterone secretion. 7 Angiotensin II, including that produced by adipocytes, induces the expression of aldosterone synthase (CYP11B2) and prompts the adipocyte-secretion of aldosterone in a calcineurin/nuclear factor of activated T (NFAT)-dependent manner. 8 In addition, various factors such as cholesteryl ester-transfer protein (CETP) inhibitors increase aldosterone biosynthesis in adipocytes in a Nox-dependent manner. 9 Upon being activated, the MR is translocated to the nucleus and further regulates gene transcription and translation of proteins such as adipokines and serumand-glucocorticoid-induced protein kinase 1 (SGK1) by binding to DNA hormone/steroid stimulatory or negative response elements. 10 Aldosterone also exerts rapid non-genomic effects that mediate CV tissue remodeling by the activation of extracellular receptor kinase, Rho kinase, and protein kinase C, thereby resulting in increased cytosolic Ca 2þ and reactive oxygen species (ROS) production, and endothelial sodium channel (EnNAC) activation, which, in turn, promotes tissue remodeling and vascular stiffening.
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MR activation regulates adipose differentiation
Adipocyte tissue consists mainly of adipocytes interspersed with fibroblasts, immune cells, multipotent stem cells, connective tissue, vessels, and nerves. 4, 5 Pre-adipocytes can be induced to develop into mature adipocytes through the adipocyte proliferation and differentiation that dictate their different physiological and pathological properties. Adipocyte tissue is generally classified into three main types: white adipocyte tissue (WAT), brown adipocyte tissue (BAT), and beige or brite adipocyte tissue which contains interspersed brown and white adipocytes while maintaining many of the characteristics of BAT. 11 Peripheral subcutaneous adipose tissue encompasses 80% of total body fat in healthy individuals. 12 Another 10% of fat tissue is present as either abdominal visceral adipose tissue or that in and around organs including the vasculature, heart, liver, and kidneys. 13 Typically, visceral and abdominal subcutaneous adipose tissue is expanded in obesity, and this is associated with the development of insulin resistance in rodents and humans. 11 The abdominal aorta, mesenteric and femoral arteries are traditionally surrounded by WAT. 11 While WAT is the primary site for its energy storage and expansion, this fat is associated with inflammation, insulin resistance, and development of the MS, 11 BAT has beneficial functions, including production of heat through non-shivering thermogenesis that is mediated by uncoupling protein 1 (UCP1) activity. 14 In this regard, The functional BAT in humans is typically presented in the portions of cervical, paravertebral, supraclavicular, interscapular, and mediastinal areas. 15 The beige adipose tissue is usually locate in the inguinal region interspersed with WAT. 15 Both aldosterone and cortisol can activate MRs and induce direct and non-direct transcriptional effects in various cells in adipose tissue. The action of glucocorticoid receptors on adipose tissue was first reported in 1977, 16 and adipose tissue MRs were described in 1998. 17 The relevance of MRs in adipose tissue was ascertained using a transgenic mice model expressing the SV40 large T antigen that overexpresses MR promoter activity and induces liposarcoma development, thus demonstrating that MR was transcriptionally active in adipocytes and providing a new model to explore molecular mechanisms of mineralocorticoid action. 17 Enhanced MR activation has been found to induce the expression of adipocyte markers and promote adipogenesis. To this point, aldosterone induces increases in WAT, characterized by the accumulation of intracytoplasmic lipid droplets and intracellular triglyceride induction. 17 Aldosterone also inhibits expression and activity of UCP1 in adipocytes. 18 Furthermore, MRAs reduce adipocyte differentiation in both 3T3L1 cells and primary human adipocytes, and MR knockout mice show defective adipogenesis. 19 MRA also induces browning of WAT through impairment of autophagy and conversion of WAT into thermogenic fat. Indeed, MRA administration prevents adipocyte dysfunction in diet-induced obesity. 20 Collectively, these studies demonstrate a major role of MR in the regulation of adipose tissue differentiation and relative expansion of WAT relative to BAT.
MR activation regulates adipogenesis
Adipogenesis is modulated by various transcription factors including the peroxisome proliferator-activated receptor c (PPARc) and CCAATenhancer-binding protein (C/EBP)b, C/EBP d, and C/EBPa ( Figure 2 ).
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Adiponectin, fatty acid synthase, and fatty acid binding protein 4 induce and regulate the late stages of adipocyte maturation. 21 Enhanced activation of the RAAS, including that of MRs in adipose tissue, induces adipogenesis through stimulation of the mammalian target of rapamycin (mTOR)/ribosomal S6 kinase (S6K1) signaling pathway which, in turn, activates PPARc and C/EBPa signaling, thereby promoting adipogenesis under condition of over-nutrition and diet induced obesity ( Figure 2 ).
22
To this point, mTOR1 and its complexes positively activate the sterol regulatory element-binding proteins to promote adipogenesis in both an mTOR/S6K1-dependent and mTOR/S6K1-independent manner. 23 Meanwhile, mTORC2 also modulates the activity of protein kinase B (Akt) and plays an important role in the early stages of adipogenesis. 21, 23 Furthermore, increased accumulation of triacylglycerol, translocation of glucose transporter type 4 (GLUT4) to the plasma membrane, and activation of the enzyme glycerol 3 phosphate dehydrogenase promote adipogenesis. 24 The activation of MR in adipogenesis of BAT or beige is still adipocyte-specific transcripts and UCP1 level in visceral and inguinal fat depots, suggesting that inhibition of MR signaling induces the 'browning' of WAT. Therefore, activation of MR might have a different role in the adipogenesis of WAT and BAT. 20 
Adipose-derived factors prompts aldosterone secretion and MR activation
Elevated aldosterone levels and enhanced MR activity occur in obese patients with insulin resistance and hypertension. 5 Interestingly, recent studies suggest that an adipocyte-derived factor may stimulate adipocyte aldosterone synthesis and MR activation in an angiotensin independent manner. 25 For example, obese patients usually present with hypertension, glucose intolerance, and a metabolic dyslipidemia. Most importantly, high leptin levels associated with adipose tissue expansion are positively associated with increases in blood pressure and aldosterone levels in patients with resistant hypertension. 5 One study found that aldosterone production by adipose tissue is increased by adipocytederived factors such as leptin, and this increase is not inhibited by ACE inhibitors or angiotensin II receptor antagonists. 25 Indeed, leptin directly promotes CYP11B2 expression and enhances aldosterone production via a Ca 2þ -dependent mechanism. 26 Further, this increased adipocyte production of aldosterone is accompanied by vascular dysfunction and CVD. Therefore, a direct link exists between altered adipose tissue metabolism and adipose mineralocorticoid secretion that may be responsible for obesity-related vascular and cardiac fibrosis and impaired relaxation and associated CVD.
Role of enhanced activation of MR in adipose tissue pathophysiology
Maladaptive adipose tissue expansion contributes to inappropriate activation of MRs and subsequently oxidative stress, release of proinflammatory adipokines, and dysregulation of adipocyte autophagy, resulting impaired insulin metabolic signaling and associated CVD.
Oxidative stress
Oxidative stress is increased in maladaptive adipose tissue expansion, and this is mediated by an increase in ROS production and reduction of antioxidant capacity. The Framingham study found that urinary levels of 8-epi-prostaglandin F2a (8-epi-PGF2a), a systemic oxidative stress marker, were significantly associated with body mass index in 2828 obese patients, suggesting an important role of oxidative stress in the deleterious impact of obesity related CVD. 27 Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is one of the important enzymes that is responsible for much of the generation of ROS in adipose tissue. NADPH oxidase is comprised of several cytosolic and membrane subunits that can be mobilized and activated by over-nutrition and RAAS activation. To this point, aldosterone stimulates expression of Nox2 and p22phox through an MR-dependent mechanism and expression of p47phox through both angiotensin II type 1 receptor-dependent and MR-dependent mechanisms in rat vascular tissues. 28 Furthermore, both Nox1 and Nox4 are also involved in ROS-sensitive aldosterone production in cultured adipocytes. 9 We previously found that oxidative stress plays a key role in impaired insulin metabolic signaling and associated cardiac dysfunction in obese rodent models. 10 Indeed, MRA decreases oxidative stress, which provides protection against cardiac tissue fibrosis, remodeling, cardiac diastolic dysfunction, 28 supporting a role for enhanced MR activation of NADPH oxidase in adipose tissue in promoting excess oxidative stress and associated CVD.
Adipokines
Adipose tissue is an endocrine/autocrine/paracrine organ and releases more than 600 peptide hormones that present various biological activities including regulation of appetite, energy expenditure, inflammation, insulin sensitivity, glucose and lipid metabolism, and fat distribution. 29 Adipose tissue produces both pro-inflammatory and anti-inflammatory adipokines. For example, adipocytes release some protective substances such as adiponectin and omentin that help maintain normal insulin metabolic signaling and normal physiological CV structure and function ( Table 1) . 29 However, in obese individuals, there is increased expression of pro-inflammatory cytokines, including tumour necrosis factor alpha (TNF-a), interleukin-6 (IL-6), IL-8, monocyte chemoattractant protein-1 (MCP-1), toll-like receptor-4 (TLF-4), and associated CVD ( Table 1) . 29 Indeed, adipose tissue is composed of a variety of immune cells, such as macrophages, dendritic cells, B cells, T lymphocytes, mast cells, and neutrophils. 29 To this point, macrophages are an important driver of adipose tissue inflammation and associated metabolic abnormalities and CVD. Macrophage polarization is traditionally dichotomized into M1 macrophages (F4/80 þ CD11c þ ) and M2 macrophage
. 10, 30 The macrophage M1 phenotype is generally associated with an increase of proinflammatory responses, and the macrophage M2 phenotype plays an important role in anti-inflammatory responses and tissue repair. 6 Further, M2 macrophages have been showed to positively support BAT function in obese individules. 10, 31 Therefore, the pro-inflammatory response of the macrophage M1 phenotype in adipose tissue is important in mediating systemic inflammation and related CVD. MR activation in adipose tissue promotes adipose tissue inflammation, in part, via increasing pro-inflammatory adipokines including TNF-a, MCP-1, and IL-6 with concomitant reduction of the UCP-1 transcription and thermogenic activity in BAT. 8, 32 Indeed, MRA has been found to decrease the expression of TNF-a, MCP-1, IL-6, macrophage M1 marker markers CD68 and CD11c, underscoring the role of MRA in reducing adipose tissue inflammation. 33 For example, eplerenone significantly reduced immune cell infiltration, including macrophage and ROSs production in 3T3-L1 adipocytes. 34 Our recent data also suggest that low dose spironolactone inhibited macrophage infiltration and M1 polarization in aortic and cardiac tissue. 35, 36 . Interestingly, cell specific MR deletion in endothelium (ECMR KO) and macrophage displayed protection against cardiac fibrosis with a reduction in macrophage M1 macrophage markers and a parallel increase in M2 markers in cardiac tissue. 6, 37 To this point, consumption of a western diet high in saturated fat and refined carbohydrates induced an increase in CD11b, a total macrophage marker in cardiac tissue. ECMR KO prevented this abnormality by Inhibition of pro-inflammatory cytokines (IL17 and CD11b) and an increase in macrophage M2 markers (CD206 and IL10) and thus the ratio of M2/M1 marker gene expression. 6 These data suggest that cell specific MR activation affects the expression of pro-inflammatory adipokines and macrophage recruitment and thus plays an important role in the pathogenesis of the chronic inflammatory responses observed in obese individuals. However, one study found that globally overexpressing MR in the transgenic mice with high fat diet displays the beneficial metabolic effects with a trend toward higher M2 differentiation compared with wild type mice. 38 Therefore, further studies are warranted to clarify the cell specific role of MR activation in the promotion of Table 1) . For example, factors such as adiponectin, omentin, and adipocyte-derived relaxing factor (ADRF) promote vasorelaxation. Adiponectin is a specific adipocytesecreted protein from both BAT and WAT, and it promotes insulin metabolic signaling and is anti-oxidative, and anti-inflammatory. 4 Adiponectin has been shown to increase endothelial nitric oxide (NO) production by binding to either the adiponectin type 2 receptor or T-cadherin on the endothelial surface, 39 resulting in endothelium dependent relaxation as well as potassium (K þ ) channel-mediated vasorelaxation in rodent models. 39 ADRF is released from PVAT to reduce vascular contractions by promoting the opening of different K þ channels in VSMCs. 40 Therefore, reduction of ADRF and other adipokines is involved in vascular dysfunction in obese individuals. Angiotensin II and resistin are adipokines that promote vasocontraction and are proatherogenic effects. Some adipokines are associated with both vasorelaxation and vasocontraction under different conditions ( Table 1) . 41 For example, short term aldosterone treatment enhances vascular relaxation mediated by endotheliumderived NO, but longer exposure induces vasoconstriction through non-genomic signaling. 42 Chronic exposure to aldosterone also induces impairment of endothelial function by reducing bioavailable NO and increasing endothelin-1 (ET-1) expression, resulting in vascular constriction via both non-genomic and genomic effects. 42 H 2 O 2 production in PVAT induces vascular relaxation by the release of vasodilating cyclooxygenase metabolites and NO from ECs and via endotheliumindependent mechanisms involving activation of K þ channels on VSMCs. 43 However, enhanced adipocyte MR activation induces overexpression of H 2 O 2 and thus results impairment of vascular contraction. 44 Our previous study found regional variation in obesity-induced arterial stiffening. To this point, western diet feeding increased aorta and femoral stiffness and endothelium dependent relaxation while western diet feeding increased coronary arterial vasoconstrictor responsiveness. 35, 45 The contractile activity of small arterial VSMCs is induced by the influx of extracellular Ca 2þ that activates myosin light-chain kinase and initiates contraction. 43 Very little is known about Ca 2þ signaling in large artery stiffness.
Autophagy
Autophagy, an event of 'self-eating' cellular components, regulates cellular homeostasis through the elimination of damaged organelles, abnormal aggregated proteins, bulk cytoplasmic contents, and intracellular pathogens under physiological conditions. 46 However, over-nutrition and associated obesity disrupts autophagosome maturation and inhibits autophagy through alterations of AMP-activated protein kinase (AMPK), sirtuin, and mTOR1 signaling pathways in CV tissues. 47 Impaired macrophage autophagy increases macrophage M1 polarization and associated inflammatory responses in obese mice. 47 Furthermore, consumption of a high fat diet increases serum levels of triglycerides and small dense low-density lipoprotein cholesterol particles that can lead to defects in autophagosome and lysosome fusion and impair macrophage autophagy. 48 To this point, inhibition of autophagy leads to metabolic abnormalities by promoting hepatocyte lipid accumulation since autophagy is critical for the lipolysis of triglycerides stored in the liver. 49 However, the precise effects of autophagy stimulation in adipose tissue from patients with obesity and T2DM remain unclear. Enhanced autophagy activity is usually regarded as necessary to maintain normal cell homeostasis and physiological function. In this regard, one study found that adipocytespecific autophagy gene 7 (atg7)-knockout mice reduced WAT size with an increase in the amount of interscapular BAT. 46 Moreover, WAT presented increased protein levels of UCP1 and PPARc co-activator 1alpha (PGC1a), which are the master regulators of mitochondrial biogenesis, 46 thereby suggesting that defective autophagy in obese mice decreases WAT and enhances insulin sensitivity. A recent study has shown that adipocyte MR activation by aldosterone prompts adipocyte autophagy. 20 MRA reduces adipose tissue autophagic flux and induces browning of WAT in mice fed a high fat diet. 20 Thus, activated MR is involved in the dysregulation of autophagy in adipose tissue that lead to metabolic abnormalities and associated CVD.
Activation of MRs leads to adipose tissue dysregulation and associated vascular dysfunction 4.1 Adipose tissue expansion in vascular function
There is a positive relationship between obesity, especially visceral obesity and CVD. For example, obese patients exhibit increased vascular stiffness compared with non-obese individuals, and weight loss increases vascular compliance in these obese individuals. 50 A recent population study found that skin-fold thickness is a predictor of vascular stiffness in patients with hypertension. 51 Furthermore, greater VAT was associated with increased dyslipidemia, increased risk of atherosclerosis and CVD in a study of 382 patients with T2DM. 52 While abdominal adipose tissue expansion is associated with obesity-related metabolic abnormalities and associated CVD, lower-body (gluteal and femoral) subcutaneous adipose tissue may be protective. 53 Therefore, adipose tissue expansion regulates vascular function. 
Role of peri-vascular adipose tissue in vascular stiffness
PVAT, a special local deposit of adipose tissue surrounding blood vessels, provides mechanical protection, and regulation of blood vessel tone. 54 PVAT is also a source of adipokines with varied paracrine effects in the different vascular beds. 55, 56 For example, the thoracic aorta is surrounded by both WAT and BAT, but the abdominal aorta is surrounded only by WAT. 55 In rodents, femoral and mesenteric arteries are surrounded by WAT, which is traditionally expanded in obese individuals with insulin resistance and T2DM. 55 In normal physiological conditions, PVAT releases vasodilator substances, including adiponectin and ADRF that promote normal vascular relaxation. 57 However, in the setting of obesity, insulin resistance, and T2DM, NADPH oxidase-derived ROS is up-regulated in WAT and thereby results in an increase in proinflammatory adipokines including resistin, TNF-a, IL-6, and IL-8, leading to the vascular insulin resistance and impaired relaxation. 55, 56 Data from the Framingham Offspring and Third Generation cohorts support the notion that altered PVAT volume is linked with higher thoracic and abdominal aortic dimensions and increased stiffness even after adjusting for sex, age, and CVD risk factors including BMI and VAT volume. 58 Thus, PVAT is an independent risk factor for vascular dysfunction and other CVD.
Role of MR activation in the cross-talk between adipose tissue and altered vascular function
Typically, endothelial dysfunction and vascular stiffness are thought to be the earliest manifestation of vascular dysfunction in obesity and precede the development of hypertension. 5 In this regard, enhanced activation of MRs in adipose tissue prompts activation of the ECMR, leading to increases in EnNaC surface abundance, intra-endothelial Na þ , F actin polymerization and endothelial cortical stiffness, which in turn lead to subsequent decreases in endothelial NO synthase (eNOS) activation and NO bioavailability ( Figure 1) . 5, 10 A decrease in bioavailable NO results in activation and cellular release of tissue transglutaminase (TG2), which plays an important role in vascular and cardiac fibrosis and remodeling. To this point, TG2 is abundantly expressed in cardiac and vascular tissues. 4, 5 Normally, TG2 undergoes intracellular s-nitrosylation by NO, which retains TG2 within the cytosolic compartment. Reduced bioavailable NO leads to TG2 translocation to the extracellular compartment to induce crosslinking of extracellular matrix proteins, resulting in enhanced connective tissue cross linking activity and tissue fibrosis. 10 Furthermore, reduced NO decreases cyclic guanosine 3 0 ,5 0 -monophosphate (cGMP) and activates kinases responsible for increases in VSMC intracellular Ca 2þ and Ca 2þ sensitization that induces vascular constriction. 5 Indeed, VSMC MR activation is also involved in the vascular dysfunction and stiffness by increasing VSMC proliferation, migration, calcification, was well as L-type Ca 2þ channel activation (Figure 1 ).
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Resident vascular macrophage MR activation mediates macrophage M1 polarization, chemotaxis, and pro-inflammatory responses. 60 It has been reported that enhanced adipocyte MR activation, not only induces significant metabolic abnormalities such as increased dyslipidemia, insulin resistance, and visceral adiposity, but also promotes altered arteriolar VSMC contractility involving up-regulation of vascular redox-sensitive protein kinase G (PKG)-1 activity and down-regulation of redoxsensitive Rho kinase (ROCK) activity in a conditionally adipocyte overexpression MR mouse model. 44 The resultant changes in PKG-1 and ROCK decrease myosin light chain (MLC) kinase phosphorylation/ activation and VSMC Ca 2þ sensitivity contractile machinery (Figure 1) . 44 Moreover, enhanced vascular MR activation signaling further activates both growth signaling and the pro-fibrotic transforming growth factor beta 1 signaling pathways, leading to fibrosis and tissue remodeling. 61 Thus, enhanced adipocyte MR signaling induces expression of adipocytederived H 2 O 2 and an altered vascular phenotype providing insight into the complicated interaction of adipose-vascular tissue in conditions of obesity-induced MR signaling. Recently, studies have provided evidence that there is bidirectional cross talk from both outside-in and inside-out between the PVAT and vessels, and that altered adiponectin production may play an important role in the dysfunctional cross-talk between adipose and vascular tissue, leading to vascular dysfunction coronary artery disease patients. 62, 63 To this point, reduced circulating adiponectin levels have been associated with increased insulin resistance and development of vascular stiffness and atherosclerosis. 64 The protective role of adiponectin is reinforced by the observation that loss of function single nucleotide polymorphism variants of the adiponectin gene may be responsible for lowered adiponectin in individuals with insulin resistance and coronary heart disease. 65 Meanwhile, reduced adiponectin was independently associated with reduced bioavailable NO and increased O 2 (-) production/eNOS uncoupling in both internal mammary arteries and saphenous veins. 62, 63 Altered local adiponectin gene expression/release in PVAT was positively correlated with O 2 (-) and eNOS uncoupling in the vascular tissue. 62 Furthermore, increased vascular oxidative stress leads to a compensatory release of peroxidation products that up-regulate adiponectin gene expression in PVAT via a PPAR-c-dependent mechanism ( Figure 1) . 62 The increased adiponectin further induced eNOS phosphorylation and increased tetrahydrobiopterin bioavailability and improved eNOS coupling and NO production in vascular tissues with a feedback manner ( Figure 1) . 62, 63 Therefore, reduced adiponectin in patients with obesity and T2DM induces an increase in vascular oxidative stress that increases NADPH oxidase activity and up-regulates adiponectin gene expression in PVAT and vascular tissues, suggesting that increased vascular NADPH oxidase-derived ROS from the artery wall causes 'a rescue signal' to increase adiponectin in PVAT. Therefore, adiponectin provides an exquisite self-regulatory mechanism under the setting of obesity and T2DM (Figure 1 ).
Role of enhanced adipocyte and vascular MR signaling in development of vascular stiffness and hypertension
There is a link between obesity, vascular stiffness, and increased blood pressure. For example, overweight or obesity was estimated to independently contribute to vascular stiffness 51 and 11-17% of the total hypertension population in the multinational studies. 66 Indeed, vascular stiffening, a normal aging phenomenon, is significantly linked with damage to target organs including the vasculature, heart, kidney, and brain. 67 Recent studies indicate that vascular stiffness precedes hypertension and is characterized by progressive structural and functional abnormalities, which exist prior to the development of increased blood pressure. 68 To this point, vascular stiffening and decreased compliance are associated with increases in systolic blood pressure and decreases in diastolic blood pressure, resulting in increased pulse pressure and pulse wave velocity. stiffness and hypertension, including pro-inflammatory adipokines, oxidative stress, MR activation, as well as dysregulation of adipocyte apoptosis, autophagy, and immune modulation. 4 For example, expanded adipose tissue increases leptin, which is related to increased adrenal and fat production of aldosterone that induces vascular injury, inflammation, fibrosis, remodeling, and dysfunction. 26 Leptin also directly induces vascular oxidative stress, pro-inflammatory responses, as well as vascular stiffness and subsequent hypertension that are associated with obesity. 69 We recently reported that MRA with very low dose spironolactone administered to female mice prevents development of vascular insulin resistance and stiffness in a very translational model of obesity-induced CV dysfunction. 35 This suggests a role for cell specific MR activation in the pathogenesis of aortic stiffness. ECMR activation was associated with pathological changes in immune responses, oxidative stress, vascular cell dysfunction and structural remodeling. 35 Other factors such as VSMC calcification, increased vascular extracellular matrix, elastin dysfunction also contribute to vascular dysfunction. 10 6. Therapeutic strategies in prevention of MR activation in obese patients with vascular dysfunction MRA includes spironolactone, eplerenone, and canrenoate. While spironolactone and eplerenone are oral agents, canrenoate is available in both intravenous and oral formulations. Spironolactone and eplerenone have been widely studied in large randomized controlled trials, and MRA decreases morbidity and mortality in patients with heart failure. 2 Treatment with MRA reduces blood pressure in patients with hypertension, especially in resistant hypertension. 3 Spironolactone treatment prevented vascular fibrosis and remodeling independently of lowing blood pressure in spontaneously hypertensive rats. 70 Our recent data also suggest that low dose spironolactone is a potential strategy in the prevention of obesity-induced vascular inflammation, oxidative stress, and Figure 1 Proposed the role of mineralocorticoid receptor mediated the signaling in the cross-talk between adipose tissue and the vascular dysfunction.
ECMR increases EnNaC surface abundance, intra-endothelial sodium, F actin polymerization and cell stiffness, leading to subsequent decreases in eNOS activation and NO bioavailability. 35 Meanwhile, MRA regulates the differentiation of 3T3-L1 adipocytes via of DNA synthesis and PPARc expression, leading to inhibition of clonal expansion and interference with the transcriptional control in adipose tissue. 19 MRA also inhibits the pro-inflammatory adipokine expression and increases adipose tissue insulin sensitivity in diabetic mice 71 and mice fed high-fat diets. 35 Furthermore, MRA increases the expression of brown fat-specific transcripts with up-regulation of UCP-1 through a direct control of autophagic rate in WAT. 20 These data demonstrated that the inhibition of MR activation plays a key role in maintaining normal adipose and vascular tissue physiology and function ( Figure 2) . Lifestyle modifications including caloric restriction, weight loss, and aerobic physical exercise can positively improve metabolic function and prevent insulin resistance, T2DM and associated CVD. 72 In a randomized controlled clinical trial, long term aerobic exercise has positive effects on systolic and diastolic blood pressure and heart rate in patients with T2DM. Exercise can improve cardiac function and increase left ventricular ejection fraction by 2-5% in patients with obesity and T2DM. 72 FAD286, an aldosterone synthase inhibitor, has been reported to reduce vascular inflammation and atherosclerosis and apolipoprotein E-deficient mice (Figures 1 and 2) . 73 In db/db and ob/ob mice, pharmacological treatment with MRA such as eplerenone improved insulin sensitivity and reversed the obesity-related changes in adipose tissue gene expression ( Figure 2) . 33 Other therapies such as lipid lowering drugs, b-adrenergic blockers, and RAAS inhibitors are regarded as effective strategies in the prevention of vascular insulin resistance and dysfunction. 4 Recently, the therapy in modulating adipokines is also proposed as a novel pharmacologic strategy in obesity-related CVD. 74 Therefore, further studies are needed to show the potential of these therapeutically approaches in the prevention of obesity-related disorders.
Conclusion
The expression of MR in tissues such as the adipose tissue and blood vessels and their consequent effects upon activation have extended the traditional notion of aldosterone mediated MR activation beyond that of epithelial tissue. Thus, activated MRs in adipose tissue as well as CV tissue are not only linked to metabolic disorders, inflammation, and oxidative stress but also to adipocyte and endothelial dysfunction, increased vascular stiffness, and hypertension. Therefore, diet-induced obesity and associated MR activation is an important and independent risk factor in the pathogenesis of vascular stiffness and impaired vascular relaxation that are predictive for development of CVD. A deeper understanding of the molecular mechanisms in MR activation and responses in the bidirectional cross-talk between adipose and vascular tissue may lead to the discovery of clinically effective targets for preventing obesity related CVD.
Figure 2 MR mediates chronic over-nutrition and activated renin-angiotensin-aldosterone system-induced adipogenesis through mTOR1/S6K1 signaling pathways. MR, mineralocorticoid receptor; mTOR, rapamycin; S6K, ribosomal S6 kinase; Akt, protein kinase B; PPAR-c, peroxisome proliferator-activated receptor c; C/EBPs, CCAAT-enhancer-binding proteins.
